The most severe limitation of beam-current in LEP will be a fast transverse instability of single bunches, which can be explained as coupli'ng of transverse modes. These predictions are verified with experimental data from several operating machines. The dependence of the threshold on beam and machine parameters is investigated in order to optimize the performance of LEP.
Introduction
We investigate the effect of transverse impedances on single bunches in high energy storage rings by extending the theory of coupled bunchinstabilities developed by F. Sachererl. We thus restrict ourselves from the outset to a simplified model in which only the lowest ("most coherent") radial modes are included. On the other hand, we do include negative azimuthal mode numbers which appear to be most important for mode-coupling. We also assume that the modeshape is known (Hermitian for Gaussian bunches) and that the actual impedance can be replaced by a broad-band resonator. Then the coherent frequencies can be found as the eigenvalues of a matrix which may be truncated to quite small dimensions without large error. If one takes only the 2x2 matrix containing the two modes which have the lowest thresholds, usually m=O and m= -1, then the stability condition can be given explicitly and we find simple approximations for either very short or very long bunches. The lowest thresholds are found for bunches whose RMS lengths are of the order of the inverse resonant frequency.
This formulation also suggests a number of possible means of increasing the threshold current which was found below design value in LEP. The theory has been verified by applying it to various existing large storage rings (PEP, PETRA) where the mode coupling instability has been observed.
Coherent Frequency Shift
In the absence of mode coupling, i.e. for very low beam currents, the frequency of oscillation of the mthazimuthal mode is given by1:
The form factor
was originally only derived for parabolic bunches, but we shall assume it to be a reasonable approximation also for a Gaussian. We define the effective transverse impedance of two coupled modes m,n analogously to the longitudinal caseL: zeff = 1 p mn p C mn By hmn(wp-W) (5) where the summations over p extend from --to+-.
and Z_ is the transverse impedance per unitdisp-1 acement.The spectral (cross) power-density:
is defined in terms of the Fourier transforms of the line-density modes m (w)*. The bunching factor B (average over peak current) has been included to facilitate normalisation which we take as: B )hmn (wp)=1 (7) It turns out that the sum in the denominator of equation (5) Since the mode coupling instability occurs also for vanishing chromaticity -contrary to the regular head-tail effect -we shall limit our discussion to the case C=O. .OP= vwo0 is the synchrotron-frequency and Atm = jDFmzmff (1) where: (2) is the coherent frequency shift. Here D = wo<P> IO (3) 4ntE/e is a factor proportional to the average beam current Ic.The beta function <p> in the plane of oscillation is averaged over the circumference of the machine (weighted by the strength of the local impedances).
They are the eigenvalues of the matrix M+(w +R-ma)I
Without large error, the infinite matrix may be truncated to small dimensions including only the modes which are coupled and their neighbours. For low enough beam-currents, the off-diagonal elements -which are all proportional to Io -are negligible, and we obtain equation (2) fig.2 , with a minimum of about 5mA for an RMS bunch length of 18mm.
For PETRA with 60 RF cavities of 5 cells each with a hole radius of 6cm we get a higher impedance (1.2tIm), but also a higher resonant frequency (2.2GHz ).
An operation with v =0 063, a=0.0027 and <p> = 15m yields the threshold curve shown in fig. 3 . The minimum of 4mA occurs near a RMS bunch length of 14mm. This figure also shows that the coupling moves to modes m= -1 and m = -2 for longer bunches.
A similar estimate has been made for the threshold in the much smaller machine DCI (Orsay). Up to the maximum current of 300 mA no instability could be found, in agreement with observation.
The thresholds for LEP-phase I (640 RF cellR) are summarized in fig.4 e.
decreased bunch length (needs experimental verification)., f. higher injection energy.
Most of these cures have side-effects, e.g. when the synchrotron frequency is increased at injection, it can no longer be kept constant during acceleration and it becomes necessary to jump synchro-betatron resonances. A higher harmonic RF system for LEP would be rather costly.
A non-linear (dipole-octupole or quadru-sextupole) wiggler may be a more economic alternative. The brute-force method of reducing the betafunctions at the RF cavities is rather limited before problems occur with the machine optics.
A factor of 50% in one plane could be gained by simply placing the copper cavities only near the F-quads where the vertical betafunctions are small. A reactive feedback system has been developed at the ISR and should in any case be useful for keeping the coherent tune constant. Its effectiveness needs to be tested on existing machines.
Finally, the somewhat surprising fact that the stability becomes better for shorter bunches -i.e for higher peak currents -may be limited by higher mode losses in sensitive components, even if the required short bunch lengths can be reached. In any case, the wide variety of possible cures need experimental verification under clean conditions, and support from computer simulations which are now in progress.
